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Materials and methods
Polycrystalline samples were synthesized by heating stoichiometric mixtures of binary oxides. Single crystals of Ba 3 CuSb 2 O 9 with linear dimensions up to several mm were grown using a flux method [13] . Induction Coupled Plasma (ICP) analysis showed the polycrystalline and single crystal samples to be impurity free to the level of several %. Powder X-ray diffraction measurement was carried out at SPring-8 BL02B2 with the wave length of 0.648728 (2) A. The sample was cooled to 12 K in a cryostat. A single crystal sample with dimension 0.03 mm×0.03 mm×0.02 mm was measured at SPring-8 BL02B1 with the wave length of 0.353642(3)Å. Low T measurements were performed using a helium gas spray device. Rietveld analysis of diffraction patterns from polycrystalline samples confirmed the nominal stoichiometry, but found local off-stoichiometry in single crystalline samples in deviations of the Cu/Sb2 ratio from unity. This off-stoichiometry could be the origin of the structural phase transition found in single crystalline samples. Second Harmonic Generation (SHG) measurements were carried out using a fundamental wavelength of 1063 nm and a scanning SHG microscope [15] . For the measurement of pyroelectric current along the c-axis, Ag electrodes were vacuum deposited onto both sample faces perpendicular to the c-axis. Then, pyroelectric current was measured at a temperature sweep rate of ∼ 3 K/min. Specific heat C P was measured by a thermal relaxation method down to 2 K or 0.4 K. The magnetic part C M was isolated by subtracting a lattice contribution approximated by C P of the Zn analog, Ba 3 ZnSb 2 O 9 . DC magnetization measurements were performed under a magnetic field of 0.1 T for temperatures between 2 K and 350 K and under 1 T between 300 K and 600 K using a commercial SQUID magnetometer. For both hexagonal and orthorhombic samples, no hysteresis is observed between field-cooled and zero-field-cooled sequences above 2 K. The low T AC susceptibility was measured by a mutual inductance method using a dilution refrigerator for temperatures between 0.02 K and 4 K. For hexagonal polycrystalline samples, an ac field of 7 µT with frequency above 70 Hz was applied. K-band ESR measurements at 27.5 GHz were performed using a superconducting magnet, a vector network analyzer, and a home-made ESR cryostat with a cylindrical resonator. No field-modulation technique was used to detect direct ESR absorption spectra.
Conventional µSR measurements under zero magnetic fields (less than a few Oe) were carried out at the M15 beam line of TRIUMF, Vancouver, Canada.
The EXAFS experiments were carried out at the Stanford Synchrotron Radiation Lightsource (SSRL), a Directorate of SLAC National Accelerator Laboratory and an Office of Science User Facility operated for the U.S. DOE Office of Science by Stanford University. EXAFS data were collected for the hexagonal and orthorhombic samples on beam line 10-2 at SSRL. A double Si(111) monochromator, with a slit height of 0.5 mm (energy resolution ∼ 1.6 eV) and detuned 50 % for harmonic rejection, was used for the Cu data. For the Sb K-edge, we used a Si(220) double monochromator with a slit height of 0.25 mm (energy resolution ∼ 3.0 eV) and detuned to 80 % to reduce harmonics. Data were collected at 10 and 300 K using a helium flow cryostat. Fine powdered samples were mounted on tape and two tape pieces pressed together (double layer) to encapsulate the material; the appropriate number of double layers were then stacked together such that the step height at the Cu or Sb K-edge was ∼ 0.5.
Supporting online text 1. Crystal Structure Analysis based on X-ray Diffraction
For single crystalline samples, integrated intensities of Bragg reflections were extracted from the two-dimensional Imaging Plate (IP) using RAP IDAU T O software (Rigaku). The intensities were processed by SORT AV software [31] . The initial position of Ba 3 CuSb 2 O 9 in the unit cell was determined by a direct method using SIR2004 [32] . The crystal structures were refined by full-matrix least-squares methods with anisotropic displacement parameters using SHELXL− 97 [33] . The site occupancy of Cu and Sb2 and an extinction parameter were refined. The lattice parameters obtained are summarized in Table S1 . For powder samples with isotropic displacement parameters, the structure models were refined by Rietveld analysis [34] . The site occupancy of Cu and Sb2 (Fig. S1 ) and the hexagonal to orthorhombic phase fraction were refined.
In Ba 3 CuSb 2 O 9 , face sharing octahedra (CuSbO 9 ) are connected through corner-sharing octahedra (SbO 6 ), as shown in Fig. S1 . [35] .
The contour diffraction plot was constructed from 30 oscillating 2D patterns recorded on the IP, which were collected over 60 degrees of sample rotation at intervals of 2 degrees. Figure 1C in the main text shows the (h k 10) plane sliced from this 3D data set. Figure 1D shows the intensity profile along the (4 − h, 2h, 3) direction for an orthorhombic single crystalline sample at 20 and 300 K. The superlattice peaks at (11/3, 2/3, 3) and (10/3, 4/3, 3) are temperature independent and thus correspond to a √ 3 × √ 3 structure of Cu-Sb dumbbell ordering and not to a static or dynamic JT effect. It is the Cu-Sb dumbbell ordering that forms a honeycomb lattice of Cu 2+ atoms decorated with out-of-plane Cu sites. Figure S2 provides the c-axis view of the in-plane arrangement of the Cu atoms. The half width at half maximum of the (10/3, 4/3, 3)
peak is 0.25Å −1 at both temperatures in Fig. 1D . Based on the Scherrer formula these numbers correspond to coherent domain sizes of 11Å. Refinement of powder and single crystal synchrotron diffraction data shows the crystal structure generally changes from hexagonal to orthorhombic upon cooling through a JT type structural phase transition. There is a strong tendency toward orthorhombic distortion when the Sb:Cu composition ratio differs from 2:1. The space group was determined to be P6 3 /mmc for all samples at room T , which is different from the previously reported P6 3 mc structure [13, 14] . Figure S3 contrasts Rietveld refinement for P6 3 /mmc and P6 3 mc structures. Cu and Sb2 sites are symmetrically equivalent in P6 3 /mmc but independent in P6 3 mc and this causes the differ-ence in total structural factors, and therefore, different peak intensities. The data can be fitted better by P6 3 /mmc, resulting in the different R wp values of 4.00 % for P6 3 /mmc and 5.22 % for P6 3 mc. At low temperatures, more than 90 % of the sample transforms to Cmcm when the deviation from 2:1 Sb-Cu stoichiometry exceeds 8 % (Fig. 2C) . We label such samples "orthorhombic". In contrast, when the Sb-Cu stoichiometry is within 1 % of nominal composition, more than 70 % of the sample remains hexagonal at low temperatures (Fig. 2D ). This class of samples is labeled "hexagonal". The microscopic mechanism that links the off stoichiometry in Sb/Cu ratio and the JT type structural phase transition is an interesting issue for future studies.
Powder Pattern Simulations for ESR Absorption Spectra
The ESR absorption spectra for powdered orthorhombic Ba 3 CuSb 2 O 9 samples are similar to powder ESR data for typical crystalline copper compounds with a static JT distortion [36] . The absorption spectra were simulated assuming a Lorentzian line shape and angular dependence of line width, anisotropic g-values (g a , g b , and g c ) below 150 K for the orthorhombic sample ( Fig.  2A ) and below 20 K for the hexagonal sample (Fig. 2B) . Isotropic g−values were adequate at 190 K for the orthorhombic sample ( Fig. 2A) and above 30 K for the hexagonal sample (Fig.   2B ). Here, a, b , and c are the orthogonal crystal-structure coordinates of the orthorhombic phase. The powder absorption curve was obtained by numerical spherical integration of the absorption line expressed in spherical coordinates by the following equations,
Here, C is a constant, h is Planck's constant, ν 0 is the ESR frequency, and µ B is the Bohr magneton. We used ∆ a =∆ b =∆ c for the spectra at 190 K in Fig 
Extended X-ray Absorption Fine Structure (EXAFS)
Cu and Sb K-edge transmission EXAFS experiments were used to probe the local structure about Cu and Sb independently. The EXAFS data were reduced using standard techniques available in the RSXAP package [37] . First a pre-edge background was removed from the raw data; next the post edge background was removed and the k-space EXAFS oscillations extracted. The k-space data were fast Fourier transformed (FFT) into r-space using the k-space ranges 3.5-13.0Å −1 for the Cu K-edge and 3.5-14.3Å −1 for the Sb edge.
In Fig. 2F , we plot the 10 K r-space (Fourier transform) data at the Cu K-edge for the hexagonal and orthorhombic samples. Although these samples appear quite different using other probes, the EXAFS data are indistinguishable, indicating comparable local correlations on the 10 −16 s EXAFS time scale. We also include two simulations (using FEFF [38] ). The first simulation uses the old P6 3 mc structure [13] (green dashed line in Fig. 2F) , which does not model the EXAFS well. Here we have applied a large global broadening at 10 K (σ 2 = 0.005Å 2 ) to account for the anticipated reduced amplitude of the Cu-O peak. This accounts for the peak heights between 3-4Å observed in the data, but the data indicates an even broader distribution of Cu-O bond lengths. In addition, the peak near 2.5Å, corresponding to one Sb2 neighbor, is much larger in the data compared to the simulation and has little T dependence from 10-300 K. These results indicate the Cu-Sb2 pair (forming the Cu-Sb dumbbell) is very well ordered. A third result is that the Cu-Ba and Cu-Sb1 peaks between 3 and 4Å are broad and shifted to shorter distances; further evidence of significant local deviations from the best periodic structure. The second simulation uses the best orthorhombic structure (Cmcm, dotted blue line in Fig.   2F ) and requires significantly less global disorder (σ 2 = 0.003Å 2 ) for a comparable amplitude of the Cu-O peak and the longer distance Cu-Sb1 peak (near 3.7Å). Also the short Cu-Sb2 peak has a larger amplitude and is slightly shifted to longer distances -somewhat closer to the EXAFS results. Although there are still significant differences, this orthorhombic structure is closer to the local structure obtained from EXAFS.
Example of the corresponding Sb r-space data are shown in Fig. S7 for the two samples at 10 K. Note that as for the Cu K-edge data, the traces for each sample overlap extremely well, indicating similar local order in each material.
The data were fitted to a sum of EXAFS functions, generated by FEFF [38] for each atom pair. For the Cu K-edge we fit from 1.1-3.9Å, to a sum of two Cu-O peaks, with four and two O neighbors to model the JT distortion, plus a Cu-Sb2 peak (1 neighbor), three Cu-Ba peaks (3, 3, and 1 neighbors) and a Cu-Sb1 peak (3 neighbors). Because the Cu-O-Sb1 linkage is nearly linear, we included the Cu-O-Sb1 multiscattering contributions which dominate the Cu-Sb1 single scattering peak. Also, only the first Cu-Ba peak had a large contribution -the other two peaks which are too close together to resolve, were significantly broadened. Fourteen parameters were varied -well below the number of independent parameters [39] . The fit to the hexagonal sample is shown in Fig. 2F of the main text (solid black line). The fit to the orthorhombic sample is nearly identical.
The distances for the JT split Cu-O shell (∼ 2.03 and 2.27Å) are given in Table S2 for Table S2 : Cu-O distances (Å) from fits using two Cu-O peaks (with four and two neighbors), for the hexagonal and orthorhombic samples at 10 and 300 K. The JT distortion is large and within errors (≤ 0.01Å) is the same for both samples and both temperatures. both samples at 10 and 300 K showing that this splitting is the same in both samples and at both temperatures. The fits also show that the Cu-Sb2 peak is very narrow (σ 2 = 0.002Å 2 ) and occurs at the longer distance of 2.72Å. The Cu-Ba and Cu-Sb1 peak positions are also shorter than found in diffraction.
For the Sb K-edge, a detailed fit is complicated by the fact that there are two Sb sites, Sb1 and Sb2. However, there is only an Sb2-Cu peak near 2.7Å, corresponding to one Cu neighbor. Under the assumption that the Sb1-O and Sb2-O peaks may be similar, we fit the first two peaks in Fig. S7 from 1-2 .5Å (solid black line), to a sum of a Sb-O peak (6 neighbors) and a small Sb2-Cu peak. At 10 K, the Sb-O bond length is 1.97Å for both samples and σ 2 is quite small; 0.0036Å 2 , while the distance for the Sb2-Cu pair is 2.71Å, in good agreement with the results from the Cu K-edge fits. Thus the Sb-O peak is not significantly broadened and the Sb1-O and Sb2-O distances must indeed be very close as assumed in estimating the JT splitting from diffraction. Further, allowing a small Sb-Sb peak in the Sb fit (or a small Cu-Cu peak in the Cu fit above) for this 2.71Å peak did not improve the fit and the amplitude of this additional peak was shifted to zero. This indicates > 95% of the pairs are Cu-Sb dumbbells.
Pyroelectric Current Measurement
Pyroelectric current was measured for a single-crystalline orthorhombic sample along c-axis. Figure S4 shows the T dependence of the pyroelectric current, I P , expressed in terms of the pyroelectric coefficient:
Here A is the sample contact area, ∼ 2 mm 2 and t is time. The data were collected upon warming from 35 K to 290 K at a temperature sweep rate dT /dt ∼ 3 K/min. No pyroelectric current signal was found beyond the experimental resolution of I P ∼ 0.2 pA over the whole temperature range. To minimize the effects from background noise, I P , T and t were averaged over each successive 700 data point, which corresponds to temperature range of ∼ 10 K. Then dP/dT was calculated using Eq. (S6). The vertical error bar of dP/dT is estimated by standard error. The horizontal error bar of T represents the temperature range used for averaging data points. The results in Fig. S4 place an upper limit of 0.9 µC/m 2 K on the pyroelectric coefficient.
Temperature Dependence of Specific Heat for Orthorhombic Sample
The temperature dependence of the specific heat C P was measured for a single crystal that has an orthorhombic volume fraction beyond 95 % at low temperatures. An anomaly found at ∼ 170 K corresponds to the Jahn-Teller type transition between the high-T hexagonal and low-T orthorhombic phases (Fig. S5 ).
Temperature Dependence of Susceptibility
The temperature dependence of the susceptibility shows a Curie behavior at low temperatures below ∼ 10 K for both hexagonal and orthorhombic samples, as shown in Fig. 3A in the main text. The component left after subtraction of this Curie component is found to be almost the same for hexagonal and orthorhombic samples, and shows a gap like feature with a peak at ∼ 50 K. This indicates a peak in the density of states near 5 meV, consistent with the inelastic neutron scattering data. For example, Figure S6 shows the "gap" component for a hexagonal polycrystalline sample together with the "Curie" component and the total susceptibility. In reality these two components are surely not independent but arise from a single quantum correlated state such as a random singlet phase or a spin-orbital quantum liquid. A similar analysis and related results were recently reported for S = 1/2 double perovskites [20] .
Neutron Scattering
Neutron scattering measurements were carried out at the MACS spectrometer at the NIST Center for Neutron Research [40] . The neutron scattering measurements were carried out on a powder sample which was predominantly hexagonal (80%) to the lowest temperature probed. For each measurement, the corresponding non-sample background intensity was measured after removing the sample from the cryostat. Phonon scattering from the sample was determined at T = 100 K through a complete inelastic map. After scaling by a ratio of Bose-Einstein population factors, this background was subtracted from all displayed data. No correction was made for remnant magnetic scattering at 100 K. The T −dependence of the Debye Waller factor can lead to underestimation of the phonon background that grows with Q 2 . We therefore allowed for a Q 2 dependent background in fitting the Q−dependent magnetic scattering. The wave vector and energy dependence of the remaining scattering were determined under the assumption of a separable spherically averaged dynamic correlation function:S(Q, ω) =
S(Q) × f (ω).
Here f (ω) is a normalized spectral function satisfying
the requirement of detailed balance having been applied in the second equality. f (ω) was derived by averaging all data with 1.1Å −1 < Q < 2.5Å −1 . Under the assumption of separability, the experimental result forS(Q) is now readily obtained by averagingS(Q, ω)/f (ω) over all 1.5 meV< ω <10 meV as a function of Q.
The intensities probed, were brought onto an absolute scale as a measurement of the spherical average of the following two point dynamic correlation function:
Here F (Q) is the magnetic form factor for copper and the spherical average is defined as follows:S
Consistent normalization was achieved using Bragg peaks from the sample or incoherent nuclear scattering from a vanadium foil sufficiently thin to scatter less than 10 % of the incident beam.
The wave vector dependence of the measured values forS(q) was compared to the following expression for the equal time correlation function of a spin dimer with spacing, d.
We used the orientational average of the ESR g-factor g = 2.2 and Ref. [41] as an approximation for the copper form factor. For an isolated dimer the total moment sum-rule requires S 2 = S(S + 1) = 3/4. However, in our measurements and subsequent analysis a significantly smaller number was found (Fig. 4E inset) , which indicates substantial spectral weight resides outside the range of energies accessed here.
Muon Spin Relaxation
The low T muon spin relaxation rate, λ ≈ 80 kHz, shown in Fig. 2E of the main text, is consistent with the motionally narrowed regime for Cu spin fluctuations where
Here γ µ is the muon gyromagnetic ratio, B fl is the magnitude of the fluctuating field at the muon site due to Cu 
